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Abstract: 25 
 We tested the hypothesis that thermal behavior resulting in reductions in mean skin temperature 26 
alleviates thermal discomfort and mitigates the rise in core temperature during light intensity exercise. In 27 
a 27 ± 0°C, 48 ± 6% relative humidity environment, 12 healthy subjects (6 females) completed 60 min 28 
of recumbent cycling. In both trials, subjects wore a water perfused suit top continually perfusing 34 ± 29 
0ºC water. In the behavior trial, the upper body was maintained thermally comfortable by pressing a 30 
button to perfuse cool water (2.2 ± 0.5ºC) through the top for 2 min per button press. Metabolic heat 31 
production (Control: 404 ± 52 W; Behavior: 397 ± 65 W, P=0.44) was similar between trials. Mean skin 32 
temperature was reduced in the behavior trial (by -2.1 ± 1.8ºC, P<0.01) due to voluntary reductions in 33 
water perfused top temperature (P<0.01). Whole body (P=0.02) and local sweat rates were lower in the 34 
behavior trial (P≤0.05). Absolute core temperature was similar (P≥0.30), however the change in core 35 
temperature was greater in the behavior trial after 40 min of exercise (P≤0.03). Partitional calorimetry 36 
did not reveal any differences in cumulative heat storage (Control: 554 ± 229; Behavior: 544 ± 283 kJ, 37 
P=0.90). Thermal behavior alleviated whole body thermal discomfort during exercise (by -1.17 ± 0.40 38 
a.u., P<0.01). Despite lower evaporative cooling in the Behavior trial, similar heat loss was achieved by 39 
voluntarily employing convective cooling. Therefore, thermal behavior resulting in large reductions in 40 
skin temperature is effective at alleviating thermal discomfort during exercise without affecting whole 41 
body heat loss. 42 
 43 
New and Noteworthy: This study aimed to determine the effectiveness of thermal behavior on 44 
maintaining thermal comfort during exercise by allowing subjects to voluntarily cool their torso and 45 
upper limbs with 2ºC water throughout a light intensity exercise protocol. We show that voluntary 46 
cooling of the upper body alleviates thermal discomfort while maintaining heat balance through 47 
convective rather than evaporative means of heat loss. 48 
 49 
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 52 
  53 
Introduction 54 
 Subjective perceptions of thermal discomfort give rise to thermal behavior (10). Thermal 55 
behavior is often deemed a physiological variable given that it directly complements autonomic 56 
thermoregulatory responses (e.g., sweating, skin blood flow, shivering) to regulate body temperature 57 
(48). Thus, thermal behavior is defined as a voluntary action that aims to establish a thermal 58 
environment (or microclimate) that promotes heat balance (47). For instance, when there is freedom to 59 
behaviorally thermoregulate during resting conditions, responses are elicited primarily by changes in 60 
skin temperature to alleviate thermal discomfort and prevent changes in core temperature (i.e., maintain 61 
heat balance) (40). The efficacy of thermal behavior to promote heat balance, and consequently, 62 
maintain thermal comfort during exercise is less clear. 63 
During exercise, the initial rate of metabolic heat production is not immediately offset by active 64 
cutaneous vasodilation (23) or sweating, despite that initial increases in sweat rate happen almost 65 
immediately (54). Consequently, core temperature rises in the early stages of exercise. However, in a 66 
compensable thermal environment, the rise in core temperature levels off after 30-40 min of exercise, a 67 
point at which autonomic thermoeffectors facilitate sufficient heat loss to achieve and maintain heat 68 
balance (19). Our laboratory has identified that both autonomic and behavioral thermoeffectors are 69 
simultaneously activated during exercise (57). In such instances, thermal behavior is recruited in 70 
proportion to the magnitude of increases in core and mean skin temperatures, and skin wettedness, the 71 
latter of which occurs secondary to sweat buildup on the skin (56).  72 
Our studies, and those of other laboratories that have examined thermal behavior during exercise, 73 
have used models in which the behavioral responses were isolated to a finite skin surface area, such as 74 
the hand (8) or posterior neck (56), which have little effect on temperature or whole-body thermal 75 
discomfort (33). Whole-body immersion in water has also been used to study thermal behavior (4). 76 
However, this model negates any contribution of skin wettedness. In addition to these methods, thermal 77 
behavior during exercise has been examined using self-selected exercise work rate, whereby voluntary 78 
increases (in the cold) or decreases (in the heat) in the rate of metabolic heat production are used to 79 
quantify thermal behavior (30, 41, 44, 45). Importantly, in these studies, subjects were required to 80 
continue exercising (i.e., maintain metabolic heat production above resting levels) throughout the study 81 
despite continued levels of thermal discomfort. Thus, the studies conducted to date do not allow for 82 
insights regarding the effectiveness of thermal behavior to alleviate thermal discomfort and promote 83 
heat balance during exercise. Therefore, the purpose of this study was to test the hypothesis that 84 
engaging in thermal behavior that elicits voluntary reductions in mean skin temperature during exercise 85 
alleviates thermal discomfort and attenuates elevations in core temperature. 86 
 87 
Methods 88 
This study was approved by the Institutional Review Board at the University at Buffalo, and 89 
performed in accordance with the standards set by the latest revision of the declaration of Helsinki, 90 
except for registration in a database. Each subject was fully informed of the experimental procedures 91 
and possible risks before giving informed written consent prior to participating.  92 
 93 
Subjects 94 
Twelve young healthy adults (6 females, age: 24 ± 3 y, height: 171 ± 10 cm, weight: 73 ± 14 kg, 95 
BSA: 1.8 ± 0.2 m2, body fat: 16.4 ± 6.6%) participated in this study. Subjects were free from any known 96 
cardiovascular, metabolic, neurologic or psychological diseases. All subjects were physically active, 97 
normotensive, non-smokers, not taking medications and were in the normal range for cognitive ability. 98 
Female subjects were not pregnant, which was confirmed via a negative urine pregnancy test, and self-99 
reported to be normally menstruating. All trials for females were performed during the first 10 days (i.e., 100 
follicular phase) following self-identified menstruation or during the placebo phase of their oral 101 
contraceptives (n=4), a period in which estrogen and progesterone are at their lowest levels. Although 102 
there appears to be little influence of the menstrual cycle on exercise-induced changes in core 103 
temperature, particularly in trained individuals (22, 25, 28), controlling for the menstrual cycle may be 104 
important considering increased thermal sensitivity has been suggested to occur during the luteal phase 105 
(22). Subjects visited the laboratory on three occasions. Visit one was a screening and familiarization 106 
visit and visits two and three were experimental trials.  107 
 108 
Instrumentation and measurements 109 
 Height and weight were measured with a stadiometer and scale (Sartorius Corp. Bohemia, NY, 110 
USA), and body surface area was calculated accordingly (5). Skinfold thickness was measured in 111 
triplicate at the chest, axilla, triceps, sub scapula, abdomen, suprailiac, and thigh (Harpenden, Baty 112 
International, UK). Body density was calculated from the sum of skinfold measurements for males (20) 113 
and females (21) and used to estimate percent body fat (50). Cognitive ability was measured using the 114 
Montreal Cognitive Assessment to ensure subjects were in the normal range for cognitive ability (35). 115 
This is important because of the perceptual nature of this study. Urine specific gravity was measured in 116 
duplicate using a refractometer (Atago USA, Inc., Bellevue, WA, USA).  117 
 Beat to beat blood pressure was continually measured via the Penaz method (Finometer Pro; 118 
FMS, Amsterdam, The Netherlands), which was confirmed via manual auscultation of the brachial 119 
artery. Heart rate was measured via a wireless transmitter (Polar, Kempele, Finland). Skin blood flow 120 
was measured continually on the dorsal surface of the left forearm under the water perfused top via 121 
integrated laser Doppler flowmetry (Periflux System 5010, Perimed, Stockholm, Sweden).  Cutaneous 122 
vascular conductance was calculated as skin blood flow perfusion units divided by the mean arterial 123 
pressure. 124 
 Metabolic data were obtained via a mouthpiece with a one-way non-rebreathing valve at the end 125 
of 10 and 20 min pre-exercise time points, at 15 and 30 minutes during exercise. Minute ventilation was 126 
calculated from expired airflow measured via a heated pneumotachometer (Hans Rudolph, Inc. 127 
Shawnee, KS, USA, n=7) or flow turbine (Vacumetrics, Inc., Ventura, CA, USA, n=5), which was 128 
continuously integrated over 1 min and corrected to standard temperature, pressure, dry (STPD). 129 
Whether expired airflow was measured using the pneumotachometer or flow turbine was kept constant 130 
within a subject. The fractions of expired oxygen and carbon dioxide (VacuMed, Ventura, CA, USA) 131 
were continuously measured from a 3 L mixing chamber. Oxygen uptake and carbon dioxide production 132 
were calculated using the Haldane Transformation. The rate of metabolic heat production was calculated 133 
from oxygen uptake and the respiratory exchange ratio (see Appendix A).  134 
 Core temperature was measured using a wireless telemetry pill (HQ Inc., Palmetto, FL, USA) 135 
that was ingested approximately 60 min prior to any experimental testing. One subject had 136 
contraindications to swallowing the core temperature pill. In this subject, rectal temperature was 137 
measured using a rectal thermistor (Mon-a-therm; Mallinckrodt Medical, Inc., St Louis, MO, USA) 138 
inserted 10 cm beyond the anal sphincter. Mean skin temperature was measured as the unweighted 139 
average of ten thermocouples attached to the left side of the body on the lower shin, posterior calf, 140 
posterior thigh, anterior thigh, abdomen, chest, supra-scapula, forearm, shoulder and on the middle of 141 
the forehead (52). This unweighted average was chosen based on the recommendation that ten sites are 142 
most appropriate for studies examining thermal comfort (29).  143 
 Local sweat rate was measured by tightly securing a capsule that covered 3.9 cm2 of the skin 3-5 144 
cm below the axilla, on the mid-axillary line (under the water perfused top, n=12), and on the anterior 145 
thigh (outside of any clothing, n=6). The capsule was tightly taped to the skin after applying it with 146 
double sided adhesive. Dry nitrogen was perfused through the capsule at a rate of 0.5 L/min, allowing 147 
for measurement of the water vapor from the skin exiting the gas capsules to be continuously measured 148 
by capacitance hygrometry (HMT130, Vaisala, Woburn, WA, USA). Local sweat rate was calculated by 149 
multiplying the humidity output by the flow rate of the dry nitrogen and dividing that value by the 150 
surface area of the capsule. Whole body sweat loss was estimated from the change in nude body weight 151 
pre- to post-trial, and is reported in grams.  152 
 Relative humidity of the skin was measured via 8 hydrochron iButtons (Maxim Integrated 153 
Products Inc., San Jose, CA, USA) placed directly adjacent to a thermocouple at the forehead, chest, 154 
shoulder, forearm, supra-scapula, abdomen, anterior thigh and calf. At each location, the iButton was 155 
raised 6 mm off the skin using a custom-made capsule that allowed airflow to pass through. The distance 156 
of 6 mm was chosen because it ensured that the humidity sensor of the iButton would not become 157 
artificially supersaturated due to a droplet of sweat entering the hygrosensor (55, 56). Relative humidity 158 
from the iButtons and skin temperature from the adjacent thermocouple placed on each site were used to 159 
determine the water vapor pressure of the skin using standard calculations as previously reported (13). 160 
Local skin wettedness was calculated according to the methods of Gagge (17). The equations for 161 
calculating local water vapor pressure and local skin wettedness can be found in Appendix B. Whole 162 
body mean skin wettedness was calculated as the equally weighted average of all 8 local skin wettedness 163 
sites (55).  164 
 Thermal behavior was measured using a technique modified by those of Cabanac et al. (8, 10) 165 
and currently employed by our laboratory (42, 55, 57, 58). The exception is that instead of the voluntary 166 
modification of a relatively small surface area of skin, thermal behavior in the present study involved 167 
voluntarily controlling the temperature of the torso and arms. Pilot testing indicated that this surface area 168 
was sufficient to affect whole-body thermal comfort during exercise. Specifically, the employed 169 
technique required subjects to control the temperature of their upper body by voluntarily perfusing cold 170 
water through a tube-lined top (Med-Eng, Ottawa, ON, Canada) covering their arms and torso. The 171 
water-perfused suit top was continually perfused with thermoneutral water (34.0 ± 0.1ºC). However, 172 
subjects were freely permitted to press a button when they desired cold water (2.2 ± 0.5ºC) to perfuse 173 
the water perfused suit top. The temperature of the water baths were recorded in 5 min intervals. 174 
Pressing of the button initiated the turning of valves to allow cold water to run through the suit for 2 175 
min. Following cooling, a mandatory 1 min wash out period was required, in which thermoneutral water 176 
again perfused through the suit top. Subjects were instructed to keep their upper body thermally 177 
comfortable throughout the experiment and were instructed to behave as often as necessary. A 178 
compression top was placed over the water perfused top to ensure contact with the subject’s upper body. 179 
The reduction in upper body skin temperatures with cold water perfusion of the suit was perceived 180 
within ~25 s. The unweighted average of upper body skin temperature (i.e., shoulder, forearm, chest, 181 
supra-scapula and abdomen) and the temperature of the effluent fluid exiting the water perfused suit top 182 
provided objective and continuous measures of thermal behavior (8, 10).  183 
 Perceptual measures for the whole-body and upper body (i.e., torso and limbs) were taken every 184 
10 min to the nearest 0.5 units using the following standard visual analogue scales: thermal sensation 185 
(1=cold, 4=neutral, 7=hot (16)); thermal comfort (1=comfortable, 4=very uncomfortable (16)); and skin 186 
wettedness (+3=very wet, +2=wet, +1=slightly wet, 0=neutral, -1=slightly dry, -2=dry, -3=very dry 187 
(13)) and sweating perception (0= none, 10 = most ever (43)).  188 
Partitional calorimetry was used to estimate dry and evaporative heat loss both under and outside 189 
of the water perfused suit top. Using these data, the rate of heat storage and cumulative heat gain 190 
throughout the protocol were estimated. Notably, this analysis was added post hoc based on the reported 191 
findings to help inform decision making regarding conclusions.  Details of the partitional calorimetry 192 
methods can be found in Appendix C.   193 
 194 
Study design and experimental protocols 195 
 At least 24 h prior to experimental testing, subjects reported to the laboratory and were 196 
familiarized with the water perfused top and the perceptual questionnaires. For the experimental trials, 197 
subjects arrived to the laboratory euhydrated, confirmed via urine specific gravity ≤1.020 (actual urine 198 
specific gravity – Control: 1.004 ± 0.006; Behavior: 1.005 ± 0.007), and having refrained from strenuous 199 
exercise, alcohol and caffeine for 12 h, and food for 2 h. During both trials, thermoneutral water 200 
perfused the suit top throughout, while during the behavior trial, subjects were free to behaviorally 201 
thermoregulate (receive 2ºC water through the water perfused top) for 2 min at a time. The control and 202 
behavior trials were separated by a minimum of 48 h. This was deemed acceptable because to our 203 
knowledge there is no evidence that exercise 48 h prior modifies the thermoregulatory responses to 204 
exercise. The control trial was always performed first so that subjects had a reference regarding the 205 
warmth and thermal discomfort generated by the light intensity exercise in the conditions employed 206 
herein. All experimental testing was conducted during the summer months in Buffalo, NY (outside 207 
temperature on experimental days – Control: 19 ± 4°C; Behavior: 20 ± 4ºC). Male subjects were 208 
shirtless under the water perfused top and females wore only a standard sports bra (energy bra, 209 
lululemon inc.). Both male and females wore running shorts (men or women’s cut, lululemon inc.), and 210 
their own socks and athletic shoes.  211 
 The experimental trials took place in a moderate thermal environment (Control: 27 ± 0°C, 48 ± 212 
11% relative humidity, Behavior: 27 ± 0ºC, 49 ± 11% relative humidity). Upon arrival at the laboratory, 213 
subjects ingested the wireless telemetry sensor and recorded their nude weight in a private room. 214 
Following ingestion of the pill and nude weight, subjects were not allowed to eat or drink anything until 215 
after the protocol was complete and a final nude body weight obtained. Subjects were then instrumented 216 
and sat on a mesh chair behind a standard upright cycle ergometer (Monark 828E, Sweden) for a 20 min 217 
baseline measurement period. Subjects remained in the recumbent position and began cycling on the 218 
ergometer for 60 min at a light intensity. Subjects watched non-stimulating documentaries (i.e., Planet 219 
Earth) throughout the entire protocol. 220 
 221 
Data and Statistical Analyses 222 
 Data were continuously recorded at 125 Hz via a data acquisition system and binned as 60 s 223 
averages every 10 min (Biopac MP160, Goleta, CA, USA). Core temperature data are reported as 224 
absolute values, and are also presented as the absolute change from baseline. Whole body sweat losses 225 
were analyzed using paired t-tests. All other data were analyzed using a two-way repeated measures 226 
ANOVA for differences over time and between conditions. When the ANOVA revealed a significant F 227 
test, a priori Sidak post hoc comparisons were made between trials and over time (compared to the 20 228 
min pre-exercise time point). All analyses were carried out using Prism (Version 7, GraphPad Software 229 
Inc., La Jolla, CA). For all analyses, a priori statistical significance was set at P≤0.05 and actual P-230 
values are reported where possible. 231 
 232 
Results 233 
Exercise stimulus 234 
 The average absolute external workload was not different between control (70 ± 1 W) and 235 
behavior trials (70 ± 1 W, P=0.88). Mean arterial pressure did not differ between trials (P=0.64). 236 
However, mean arterial pressure increased at 10 min into exercise (P<0.01) and remained elevated in the 237 
control trial (P<0.01), but returned similar to baseline levels in the behavior trial thereafter (P≥0.70). 238 
Metabolic heat production (n=11, due to equipment issues with 1 subject) was not different between 239 
control (30 min: 401 ± 63 W; 60 min: 396 ± 69 W) and behavior (30 min:  401 ±  48 W; 60 min: 407 ±  240 
57 W) trials (P≥0.44). The evaporative heat loss required to maintain heat balance (n=11, due to 241 
equipment issues with 1 subject) was reduced during exercise at 30 min in the behavior compared to 242 
control trial (Control: 296 ± 62, Behavior: 259 ± 96 W, P=0.01), but not at 60 min (Control: 291 ± 63; 243 
Behavior: 270 ± 71 W, P=0.21).  244 
 245 
Body temperatures and mean skin wettedness  246 
 Mean skin temperature decreased in the behavior trial from 20 min into exercise compared to the 247 
control trial and remained lower throughout (P<0.01) (Figure 1A). Absolute core temperature at baseline 248 
and throughout exercise did not differ between the behavior (37.0 ± 0.3ºC) and the control (37.1 ± 0.2ºC, 249 
P=0.34) trials, but increased in both trials (P<0.01). The change in core temperature was greater in the 250 
behavior compared to control from 40 to 60 min of exercise (P≤0.03) (Figure 1C). Mean skin wettedness 251 
was not different between the behavior and control trials (P=0.40) (Table 1), but increased from baseline 252 
at 20 min into exercise and remained elevated throughout exercise for both control and behavior trials 253 
(P<0.01). That said, the absolute partial pressure of water at the skin was attenuated in the behavior trial 254 
compared to the control trial from 20 min into exercise and remained lower throughout (P<0.01) (Table 255 
1).  256 
 257 
Thermoeffectors 258 
 The temperature of the water perfused suit top and mean upper body skin temperature (indices of 259 
thermal behavior) were reduced in the behavior compared to control trial within the first 10 min of 260 
exercise and remained lower throughout (P<0.01) (Figure 2A&D). Forearm skin blood flow and 261 
cutaneous vascular conductance (Figure 2B&E) were not different between trials (P≥0.32), but increased 262 
in both the control and behavior trials within the first 10 min of exercise, and remained elevated 263 
throughout (P<0.01). Local sweat rate under the water perfused top was lower in the behavior trial 264 
compared to the control trial at 20 min into exercise, and remained lower throughout (P≤0.01) (Figure 265 
2C). Similarly, local sweat rate outside of the water perfused suit was also attenuated in the behavior 266 
trial compared to control, but these differences were only significant at 30 min (P=0.03) and 60 min 267 
(P<0.01) time points (Figures 2F). Accordingly, whole body sweat losses were attenuated in the 268 
behavior trial (0.45 ± 0.10 kg) compared to the control trial (0.63 ± 0.20 kg, P=0.02).  269 
 270 
Thermal perceptions 271 
 Subjects perceived their upper body to feel warmer and reported more thermal discomfort at 10 272 
min into and throughout exercise (P<0.01) in the control trial compared to the behavior trial (Figures 273 
3A&C). Thermal behavior also attenuated the rise in whole body sensations of warmth and thermal 274 
discomfort in th behavior compared to the control trial from 10 min of exercise and onwards (P≤0.04) 275 
(Figures 3B&D).  276 
 Upper- and whole-body sweat perceptions were elevated during the control trial compared to 277 
behavior trial from 20 min into exercise and onwards (P≤0.03) (Table 1). Similarly, subjects perceived 278 
greater skin wettedness in their upper body during the control trial compared to the behavior trial from 279 
10 min of exercise and onwards (P≤0.03) (Table 1). However, there were no differences in perceptions 280 
of whole body skin wettedness at any time point during exercise between control and behavior trials 281 
(P≥0.10) (Table 1).  282 
 283 
Partitional calorimetry 284 
Calculations of evaporative (P≥0.52) and dry (P≥0.99) heat losses outside of the suit top were 285 
not different between behavior and control trials, but increased during exercise in both trials (P<0.01) 286 
(Figures 4A&D). Evaporative heat losses under the suit top were not different between trials during 287 
baseline (P≥0.08), but increased during exercise compared to baseline in both trials (P<0.01). However, 288 
evaporative heat losses under the suit top were attenuated during exercise in the behavior trial compared 289 
to the control trial (P<0.01) (Figure 4B). In contrast, dry heat loss under the suit top was augmented in 290 
the behavior compared to control trial during exercise (P<0.01), while there was no increase in dry heat 291 
loss in the control trial during exercise (P≥0.99). Total evaporative heat loss was attenuated in the 292 
behavior trial compared to control (P<0.01) during exercise, however, total dry heat loss was greater in 293 
the behavior trial compared to the control trial during exercise (P<0.01) (Figures 4C&F). Accordingly, 294 
the estimated rate of body heat storage increased during exercise (P<0.01), but was not different 295 
between conditions (P≥0.83) (Figure 5A). Likewise, calculated cumulative heat storage during exercise 296 
was not different between the behavior (544 ± 283 kJ) and control (554 ± 225 kJ, P=0.90) trial (Figure 297 
5B).  298 
 299 
Discussion 300 
 The present study tested the hypothesis that voluntary reductions in skin temperature would 301 
alleviate thermal discomfort and mitigate the rise in core temperature during exercise. The present data 302 
partially support our hypothesis, such that thermal behavior alleviates thermal discomfort during 303 
exercise (Figure 3C&D). In contrast to our hypothesis, however, these data also indicate that thermal 304 
behavior during exercise does not affect the absolute core temperature response compared to when 305 
thermal behavior is not employed (Figure 1B). This finding was corroborated by our post hoc partitional 306 
calorimetry data that indicated that cumulative heat storage did not differ between the behavior and 307 
control trials (Figures 4&5). These data indicate that thermal comfort was maintained when thermal 308 
behavior was employed during light intensity aerobic exercise, despite not affecting whole-body heat 309 
loss. 310 
When thermal behavior is studied at a local level (i.e., using a cooling stimulus at the hand (5, 7) 311 
or the neck (42, 56-58)), utilization of thermal behavior attenuates the rise in local thermal discomfort, 312 
with no measurable effect on the thermal status of the body (i.e., changes in core or mean skin 313 
temperature). Moreover, cooling the skin over a larger surface area during self-paced exercise alleviates 314 
whole body thermal discomfort and increases total work output (44). Thus, we hypothesized that thermal 315 
behavior, which was expected to reduce skin temperature on a relatively large body surface area, would 316 
promote thermal comfort by improving heat loss and attenuating the rise in core temperature. In support 317 
of our hypothesis, subjects voluntarily cooled their upper body skin temperature by up to 2.1 ± 1.8ºC 318 
(Figure 2B). Consequently, engaging in thermal behavior maintained upper body thermal comfort and 319 
alleviated whole body thermal discomfort throughout light intensity exercise (Figure 3C&D). 320 
Considering the effective cooling area was ~36% of body surface area, this finding was not surprising. 321 
To our knowledge, however, this is the first study to show that voluntary cooling effectively alleviates 322 
whole body thermal discomfort during exercise. 323 
By definition, behavioral thermoregulation results in a preferred state of heat exchange that 324 
promotes heat balance (15, 47). Previous studies examining thermal behavior during exercise using self-325 
paced protocols support this position. For example, voluntary reductions in exercise work rate in the 326 
heat attenuate the rise in core temperature, which occur secondary to reductions in metabolic heat 327 
production (26, 44, 53). In addition, we (46) and others (12) have identified that mandatory and constant 328 
upper body cooling during exercise in the heat attenuates the rise in core temperature. Thus, a secondary 329 
hypothesis was that thermal behavior resulting in large reductions in skin temperature would attenuate 330 
the rise in core temperature by augmenting heat loss from the skin to the water perfused suit top. In 331 
contrast to our hypothesis, the rise in core temperature was +0.2 ± 0.2ºC higher during the final 20 min 332 
of the exercise protocol when thermal behavior was allowed compared to when behavior was restricted 333 
(Figure 1C). This finding was particularly surprising in light of the importance of core temperature as a 334 
driver of thermal behavior (and thermal discomfort) during fixed intensity exercise (9). Nevertheless, 335 
this result may be supported by the observation of attenuated sweat rates both under and outside of the 336 
water perfused suit top during the behavior trial (Figure 2C&F). Previous findings support this 337 
observation, such that cooling prior to exercise (i.e., via ice slurry ingestion) has been shown to attenuate 338 
evaporative heat loss, resulting in greater heat storage (31). Moreover, experimental reductions in skin 339 
temperature during exercise reduce sweat rate (34). Thus, it is plausible that heat storage was greater 340 
when thermal behavior was employed and sweat rate was attenuated in the current study. However, we 341 
also observed that the absolute core temperature responses did not differ between the behavior and 342 
control trials (Figure 1B). Therefore, it is possible that differences in the absolute change in core 343 
temperature between trials were simply due to slight differences in baseline core temperature (i.e., 344 
baseline core temperature in the behavior trial was 0.1 ± 0.2ºC higher than in the control trial) that were 345 
within the error of the measurement (6). To further investigate this discrepancy in core temperature, we 346 
performed a post hoc partitional calorimetric analysis to investigate whether our core temperature 347 
responses were indicative of greater heat storage when given the option to behaviorally thermoregulate 348 
during exercise. These estimates revealed an attenuated evaporative heat loss underneath the water 349 
perfused top in the behavior trial, in support of our local and whole-body sweating responses (Figure 350 
4B). In contrast, dry heat losses were greatly augmented by the cool water perfusing the top (Figure 4E). 351 
Thus, based on these heat exchange estimates, it appears that cooling of the skin likely resulted in 352 
attenuated evaporative requirements for heat balance, thereby lowering the rate of sweat output and 353 
actual evaporation in proportion to the amount of added dry heat loss (Figure 4C&F). As a result, there 354 
were no differences in the rate of body heat storage over time (Figure 5A) or cumulative heat storage 355 
(Figure 5B) between the trials. Therefore, we interpret these data to indicate that engaging in thermal 356 
behavior that reduces skin temperature to a large surface area in the environmental and exercise 357 
conditions employed herein, is unlikely to affect the core temperature response to exercise. 358 
The reason for the seemingly divergent observations regarding the change in core temperature 359 
data versus the absolute core temperature and partitional calorimetry data are not inherently clear. We 360 
speculate, however, that they may be a consequence of using the wireless telemetry pill, which is 361 
moving throughout the gastrointestinal tract over time and may be more readily influenced by reflex 362 
mediated redistributions in visceral blood volume. Thus, it is possible that higher skin temperatures in 363 
the control trial resulted in comparatively more blood shunted away from the gastrointestinal tract in an 364 
effort to promote heat loss. In contrast, in the behavior trial, while the upper body was being actively 365 
cooled, more warm blood may have been maintained in the visceral tissues, which would explain a 366 
greater rise in core temperature despite no differences in cumulative heat storage. Notably, our measures 367 
of skin blood flow and cutaneous vascular conductance do not support a redistribution of blood flow in 368 
the behavior trial (Figure 2 B&E). That said, it may be that changes in cutaneous vasomotor tone do not 369 
accurately reflect changes in visceral blood flow and/or volume. Nevertheless, our data support the idea 370 
that conventional measures of thermometry may not always reflect changes in heat exchange in dynamic 371 
cooling situations. For instance, common thermometry measurements (i.e., rectal temperature) likely 372 
underestimate heat storage when cool fluids are ingested because heat exchange from cool fluid and low 373 
blood flow in the viscera has a residual effect on the thermometry measurement (3, 7).  374 
A further interesting finding of the present study relates to our skin wettedness responses. We 375 
have recently established that skin wettedness is a powerful contributing factor to thermal behavior (55). 376 
The present study, however, revealed no differences in skin wettedness between trials, despite that 377 
thermal discomfort was alleviated in the behavior trial. Notably, skin wettedness is the ratio of the 378 
difference between the absolute partial pressure of water on the skin and in the air, to the difference in 379 
total partial pressure of water on a saturated skin and in the air. Hence, the absolute skin humidity may 380 
be the more important driver of thermal behavior. This conjecture is supported by the fact that in the 381 
behavior trial, thermal comfort was maintained alongside attenuated skin humidity (Table 1). Although 382 
speculative, further studies should aim to investigate the role that absolute skin humidity plays in 383 
thermal discomfort and behavioral thermoregulation during exercise. 384 
Collectively, behavioral thermoregulation was employed in the present study, eliciting voluntary 385 
reductions in skin temperature that elevated dry heat loss while proportionally lowering evaporative heat 386 
loss during light intensity exercise. Irrespective of the heat loss mechanisms, however, thermal 387 
discomfort was alleviated. While it is well established that sweat evaporation is a powerful heat loss 388 
mechanism, our data suggest that promoting convective heat loss through behavioral mechanisms that 389 
result in increased dry heat loss can also be effective in alleviating thermal discomfort without affecting 390 
core temperature during exercise.  391 
 392 
Considerations 393 
It is important to highlight some limitations of the present study. Firstly, it should be noted that 394 
the present findings are specific to the conditions employed herein (i.e., thermoneutral ambient 395 
temperatures, moderate humidity levels and light intensity exercise) and cannot likely be translated to 396 
warmer environments and/or higher exercise intensities. Likewise, in this study, we only allowed for 397 
manipulation of dry heat exchange. Therefore, we are unaware how thermal behavior (and the 398 
subsequent thermal and perceptual responses) may differ if the behavioral response improved 399 
evaporative heat loss. Further to this, we tested our females in the first 10 days of their menstrual cycle. 400 
However, we did not confirm the menstrual cycle phase via hormonal analyses. Although we are 401 
confident that our results are representative of females when estrogen and progesterone are at their 402 
lowest levels, we also recognize that thermal behavioral responses have been shown to be similar in 403 
females across the menstrual cycle, thus the importance of testing within the cycle phase may be 404 
reduced (28). Nevertheless, there are differences in autonomic temperature regulation and perceptual 405 
responses that have been documented in females and therefore, further research is warranted in this area 406 
(37, 39). To complicate this limitation further, a subset of our female participants were taking oral 407 
contraceptives. This is important to note as attenuated sudomotor responses have been documented in 408 
well-trained females on oral contraceptives (27). However, this limitation was likely minimized given 409 
our use of a crossover design where each subject served as their own control. While the present study 410 
was not designed to asses sex differences, we have previously seen differences in thermal behavior 411 
between males and females (58) and thus, it would have been ideal to determine if those differences 412 
were apparent in the present study as well. It is also possible that the core temperature pill used in this 413 
study was influenced by the visceral redistribution of blood flow. Our subjects ingested the telemetry 414 
pill only 60 min prior to exercise. A delimitation to this method is the reduced time for entry into the 415 
gastrointestinal tract and that we restrict subjects from eating or drinking after ingesting the pill. 416 
Nevertheless, esophageal temperature may have been a better index of core temperature due to its 417 
greater temporal resolution (32) and minimal influence of visceral redistribution of blood flow (49). 418 
Additionally, in the present study, engaging in thermal behavior only required subjects to press a button 419 
(i.e., it was easy). Thus, this model may not accurately test the external validity of engaging in thermal 420 
behavior in everyday life where we often have to work for, or find motivation to engage in thermal 421 
behavior (i.e., get off the couch to turn the air conditioner on). It would be important to identify if 422 
thermal behavior is still able to alleviate thermal discomfort in instances when subjects are presented 423 
with a motivational conflict (i.e., performing muscular work) to engage in thermal behavior. Finally, we 424 
performed partitional calorimetric calculations post hoc to further delineate the greater rise in core 425 
temperature in the behavior trial and to determine if there was greater heat storage. That said, the 426 
complexity of calculating heat loss and gain through the water perfused suit top required further 427 
partitioning of body surface area and correction factors (i.e., one for dry heat loss to and from the 428 
environment, and one for evaporative resistance of the suit and compression top) to be determined. It is 429 
possible that our correction factors may slightly over or under estimate actual heat exchange. 430 
Additionally, these correction factors do not consider a possible reduction in insulation of the water 431 
perfused top due to wetting of the suit or reduction in temperature of the water perfused top due to 432 
evaporation of sweat. Finally, another consideration is the use of a two compartment, rather than three 433 
compartment system for calculating partitional calorimetry. It could be argued that the surface area 434 
outside of any clothing, under clothing but not touching the tubes, and underclothing directly touching 435 
tubes, would provide a more accurate representation of the heat losses presented within this manuscript. 436 
However, estimating a third compartment would be difficult to do, post hoc, as we were not able to 437 
identify exactly how much of each area of the torso was in direct contact with the tubes. Nevertheless, 438 
these factors and assumptions were applied to all individuals, across all trials, and thus corrected for 439 
systematic errors. While there are some limitations to our calculations, we believe they represent 440 
accurate heat exchange to the best of our ability when considering it post hoc. 441 
 442 
Perspectives  443 
 The present study indicates that thermal behavior resulting in large reductions in mean skin 444 
temperature is effective at alleviating thermal discomfort during exercise, and appears to involve a trade-445 
off whereby dry heat loss is augmented, despite engaging in thermal behavior that attenuates evaporative 446 
heat loss. These findings may have broad impacts for athletes, workers, and clinical populations. 447 
Specifically, applying convective cooling is effective at promoting thermal comfort (or minimizing 448 
thermal discomfort) without meaningfully affecting core temperature. Thus, individuals who have an 449 
attenuated sweating response, such as the older adults (18) those with Multiple Sclerosis (1), or burn 450 
survivors (36), may directly benefit from voluntarily engaging in thermal behavior that promotes 451 
convective cooling. Notably however, behavioral thermoregulation during exercise has rarely been 452 
assessed in these populations. This is an important oversight given the potential barrier that ‘feeling too 453 
hot’ plays in regularly engaging in physical activity and/or adhering to an exercise regimen (14, 51). 454 
  455 
Conclusions 456 
During light intensity exercise, thermal behavior that results in reductions in mean skin 457 
temperature can alleviate thermal discomfort and promote heat loss. This improvement in thermal 458 
discomfort was elicited by voluntary reductions in skin temperature that augmented dry heat loss, but 459 
suppressed sweat production and evaporative heat loss. Importantly, engaging in thermal behavior did 460 
not meaningfully affect core temperature. 461 
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  471 
Appendix A. Metabolic Heat Production Calculations  472 
 473 
Estimates of metabolic heat production (Hprod) were calculated via partitional calorimetry in watts 474 
(W), using the following equation:  475 
(1) H = M − Wk (W) 476 
 where M is the metabolic energy expenditure, calculated in equation (2) below and Wk is the external 477 
workload calculated in equation (3) below (24):  478 
(2) M = VO ∙  .. ∙ . . . ∙ .  ∙ 1000   (W) 479 
where RER is the respiratory exchange ratio. And 21.13 represents the caloric equivalent per liter 480 
oxygen for the oxidation of carbohydrate, and 19.62 that for oxidation of fat (24). 481 
(3) Wk =  rpm ∙ kp   (W) 482 
where rpm is the cadence and kp is the kilopond resistance applied to the ergometer.   483 
 484 
Appendix B. Skin Wettedness Calculations 485 
Local skin wettedness was calculated at each site as the ratio between the evaporative heat flux 486 
gradient between the humidity at the skin and in the air, and the maximal evaporative heat flux gradient 487 
for a totally wet skin (13, 17):  488 
(4) W = ,    (a.u.) 489 
where Psk is the measured water vapor pressure at the skin and Pa is the partial pressure of water in the 490 
atmosphere measured in kilopascals (kPa), calculated as:  491 
(5) P = ( ) ∙ P ,      (kPa) 492 
where Rhsk is the relative humidity measured from the respective iButton, placed 6mm off the skin 493 
surface (56) and Psk,s is the saturated vapor pressure at the skin. Pa, can be calculated from equation (11) 494 
by substituting Rha as the relative humidity measured within the environmental chamber, and Pa,s as the 495 
saturated water vapor pressure in the air. Psk,s can be calculated as: 496 
(6) P , = 0.1 exp 18.956 − .      (kPa) 497 
and Pa,s can be calculated using equation (6), substituting Ta for Tsk (2). Whole body skin wettedness was 498 
calculated as the unweighted average of all 8 sites.  499 
 500 
Appendix C. Rate of Heat Storage Calculations 501 
Due to the divergent conclusions that could be drawn based on the absolute and absolute change in 502 
in core temperature data between the behavior and control trials, post hoc analyses were performed to 503 
determine whether cumulative heat storage differed between trials. The rate of heat Storage (S) was 504 
calculated every 15 min during baseline and every 30 min during exercise. Heat storage was calculated 505 
as:  506 
(7) S = H − H − H − H    (W) 507 
where Hdry represents the sum of dry heat losses from radiation and convection, Hevap represents heat 508 
loss from evaporation and Hres represents heat loss from respiration. The rate of heat loss from 509 
conduction was considered negligible and thus was eliminated from the equation (11). Calculations for 510 
Hdry and Hevap were performed for areas outside and under the suit and summed together to calculate 511 
total Hdry and Hevap losses. Hdry from convection and radiation outside the suit were calculated as:  512 
(8)      (C + R ) = (T − T ) × (h +  h ) × BSA  (W) 513 
where Tsk is the mean skin temperature of the legs and head, Ta is the ambient temperature of the 514 
environmental chamber, hr and hc are the estimated radiative and convective heat transfer coefficients, 515 
respectively and were calculated as previously described by Jay and Kenny (24).  BSA was the body 516 
surface area not influenced by the water perfused suit top, estimated to be 60% (38). The ambient 517 
temperature was used as the air and radiant temperatures were assumed to be equivalent (11). Hdry from 518 
convection and radiation under the water perfused suit top was adapted from previous equations and 519 
calculated as:  520 
(9) (C + R ) = T − T × C _  × M   (W) 521 
where Tbath_out was always 34ºC for the control trial, and calculated for each subject based on the number 522 
of behaviors performed during each 30 min block throughout the cycling protocol during the behavior 523 
trial. Tbath_in was directly measured as the temperature of the water immediately after perfusing the top. 524 
The Cp_fluid is the specific capacity of water, (4.184 J⋅g-1⋅ºC-1) and Mfluid is total mass of water perfusing 525 
the top in a 30 min period (6 L). A correction factor was applied to account for the dry heat lost (in the 526 
control trial) or gained (in the behavior trial) from the environment to the suit alone. To determine the 527 
correction factor, the suit was placed on a manikin equilibrated to an ambient temperature of 27ºC and 528 
48% relative humidity to simulate average temperature and humidity in the experimental trials. The 529 
average Tbath_out temperature perfusing the suit for all subjects (Control: 34ºC; Behavior: 18.3ºC) was 530 
perfused through the suit top for 60 min. The temperature of the water immediately after perfusing 531 
through the top (Tbath_in) was also measured. The correction factor was calculated individually for the 532 
control and behavior trials as: 533 
(10) H  Correction Factor = T −  T  × C  × M  (W) 534 
for each 30 min period and averaged together. These factors were 56.8 W of heat lost from the suit to the 535 
environment when 34ºC water perfused the suit top, and 58.2 W of heat gained to the suit from the 536 
environment when 18.3ºC water perfused through the top. The final corrected Hdry under the suit was 537 
calculated as:  538 
(11) (C + R ) = [(C + R ) − (C +  R ) ] ×539  BSA (W) 540 
where BSA is the area directly in contact with the water perfused suit top, estimated to be 40% (38). All 541 
data were calculated in W and then converted to kJ. Dry heat loss from outside the suit and under the 542 
suit were summed together as a measure of total dry heat loss. 543 
Heat loss from evaporation was also individually calculated for areas outside and under clothing. 544 
Hevap from outside the suit was calculated as:  545 
(12) E = h × (P − P ) ∙ BSA   (W) 546 
where he is the product of the convective heat transfer coefficient and the Lewis Relation coefficient 547 
(16.5 K⋅kPa-1), and accounting for the barometric pressure (Pb, (mmHg)) and calculated as:  548 
(13) h = 16.5 ×  h  ×    (W⋅m-2⋅kPa-1) 549 
Psk is the absolute partial pressure of water on the skin calculated from the relative humidity measured at 550 
the skin via each local iButton (equation 5 above), Pa is the absolute partial pressure of water in the air 551 
calculated from relative humidity and temperature (equation 5 above, substituting ambient relative 552 
humidity and temperature), and BSA is the relative body surface area inside or outside the water 553 
perfused top. Psk was calculated using iButtons locally placed at the, calf, anterior thigh and forehead.  554 
To determine evaporation from under the water perfused suit top, iButtons locally placed at the 555 
suprascapular area, shoulder, forearm, chest and abdomen were used. A correction factor was calculated 556 
to account for the evaporative resistance of the suit and compression top. To determine this correction 557 
factor, two post-hoc experiments were conducted. In both experiments, a water perfused mat (Gaymar 558 
T-Pad, Braintree Scientific Inc, MA, USA) was set to the average mean skin temperature under the top 559 
for the control (34.8ºC) or behavior (32.1ºC) trials. Four iButtons were set up to measure the absolute 560 
relative humidity at 1) distance of 6mm above the mat under the suit and compression top, 2) a distance 561 
of 2 mm above the suit and compression top, 3) a distance of 6 mm above the mat outside of the suit and 562 
compression top and 4) a distance of ~10 mm above the mat (the same height as iButton 2, but without 563 
impedance from the suit and compression top). For the respective control or behavior trial, the suit top 564 
and a single layer of the compression top were placed over the iButtons. The suit top perfused 34ºC for 565 
the control trial, and 18.3ºC for the behavior trial. A fully saturated paper towel was placed on top of the 566 
water perfused mat, underneath the iButton set up and the evaporation was measured for a 60 min 567 
period, as we have done previously (56). The partial pressure of water at the mat (Pmat) and at the 568 
garment (Pgarment) were calculated from equations 16 below, averaging the first 20 min when the 569 
saturated paper towel mimicked the generation of sweat and a saturated skin. The correction factors 570 
(which were determined to be - Control: -0.58 kPa; Behavior: -0.95 kPa) were calculated as:  571 
(14) P =  P − P  572 
Hevap under the suit was calculated as:  573 
(15) E  = h × (P − P − P ) )  ×  BSA 574 
Finally, respiratory heat losses were calculated for evaporation (Eres) and convection (Cres) as:  575 
(16) E + C = 0.0014 ∙ H ∙ (34 − T ) + 0.0173 ∙ H ∙ (5.87 − P )    (W) 576 
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  720 
Table 1 Physiological and perceptual skin wettedness responses to thermal behavior (n=12, mean ± SD). 721 
Skin wettedness, absolute water vapor pressure at the skin, perceptions of upper body skin wettedness 722 
and perceptions of whole body skin wettedness during light intensity exercise. #Different from 20 min 723 
baseline (P<0.01), *Behavior different from control (P≤0.03).  724 
 725 
Figure 1 Body temperatures (n=12, mean ± SD). Mean skin temperature (A) and the change in (Δ) core 726 
temperature (B) during 60 min light intensity exercise (area after the vertical dashed line). #Different 727 
from 20 min baseline (P<0.01), *Behavior different from control (P<0.01). 728 
 729 
Figure 2 Thermoeffector responses (n=12, mean ± SD). Water perfused top temperature (A), forearm 730 
skin blood flow (B), local axilla sweat rate (C) upper body skin temperature (D), forearm cutaneous 731 
vascular conductance (CVC) (E) and local thigh sweat rate (F) during 60 min light intensity exercise 732 
(area following the vertical dashed line). #Different from 20 min baseline (P<0.04), *Behavior different 733 
from control (P≤0.05). 734 
 735 
Figure 3 Upper body thermal sensation (A), whole body thermal sensation (B), upper body thermal 736 
comfort (C), whole body thermal comfort (D), upper body sweating (E), whole body sweating (F), upper 737 
body skin wettedness (G) and whole body skin wettedness (H) during exercise and recovery (n=12, 738 
mean ± SD). #Different from 20 min baseline (P<0.01), *Behavior different from control (P≤0.03). 739 
 740 
Figure 4 Estimated body heat losses (n=11, mean ± SD). Evaporative heat loss from outside the suit 741 
(A), evaporative heat loss from under the suit (B), total evaporative heat loss (C), dry heat loss from 742 
outside the suit (D), dry heat loss from under the suit (E) and total dry heat loss (F). #Different from 20 743 
min baseline (P<0.01), *Behavior different from control (P<0.01). 744 
 745 
Figure 5 Body Heat Storage (n=11, mean ± SD) (A) and cumulative heat storage (B) after 60 min of 746 
light intensity exercise. #Different from 20 min baseline (P<0.01). 747 
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  Pre Exercise (min) 
 Condition 20 min baseline 10 20 30 40 50 60 
Physiological 




Control 0.20 ± 0.11 0.17 ± 0.09 0.50 ± 0.13# 0.68 ± 0.06# 0.69 ± 0.07# 0.69± 0.07# 0.69 ± 0.06# 
Behavior 0.19 ± 0.09 0.14 ± 0.06 0.44 ± 0.15# 0.66 ± 0.03# 0.68 ± 0.05# 0.71 ± 0.03# 0.70 ± 0.03# 
Absolute water 
vapor pressure 
at the skin 
 (kPa) 
Control 2.49 ± 0.53 2.39 ± 0.50 3.57 ± 0.52# 4.09 ± 0.32# 4.18 ± 0.32# 4.23 ± 0.34# 4.24 ± 0.31# 
Behavior 2.45 ± 0.54 2.26 ± 0.46 3.10 ± 0.59#* 3.73 ± 0.43#* 3.87 ± 0.41#* 3.93 ± 0.41#* 3.87 ± 0.41#* 
Perceptual 




Control -0.2 ± 1.2  0.9 ± 0.7# 1.7 ± 0.6# 2.0 ± 0.5# 2.4 ± 0.4# 2.5 ± 0.3# 2.5 ± 0.3# 




Control -0.5 ± 1.0 0.8 ± 0.7# 1.4 ± 0.5# 1.9 ± 0.5# 2.2 ± 0.4# 2.1 ± 0.4# 2.2 ± 0.3# 
Behavior 0.0 ± 01 0.4 ± 0.4 1.2 ± 0.8# 1.5 ± 1.0# 1.9 ± 1.1# 2.0 ± 1.0# 2.1 ± 1.2# 
 
